Background {#Sec1}
==========

Carbon nanotubes (CNT) are cylinders with a diameter in the order of nanometers, constituted of one or several graphene layers named single walled (SW) or multi walled (MW) CNT, respectively. They attract wide interests because of their unique physico-chemical properties useful for a variety of applications. In the last few years, several studies have suggested diverse applications of CNT in consumer and industrial products, in fields such as electronics, structural engineering, manufacturing and medicine. Thus, determining the health hazards of CNT is of great importance in view of the increased potential for human exposure within occupational, environmental, medical and consumer environments. In particular, there is a great focus on inhalation exposure because the fibrous shape of CNT, similar to asbestos fibers, and their high surface area raise serious concerns for harmful respiratory effects \[[@CR1]\]. Recent experimental studies have indicated that CNT can induce respiratory toxicity, including inflammatory and fibrotic reactions, and peritoneal mesothelioma in animals \[[@CR2]--[@CR7]\]. The National Institute for Occupational Safety and Health (NIOSH) has recommended an occupational exposure limit (REL) of 1 μg/m^3^ together with other strategies for controlling workplace exposures to CNT and for implementing a medical surveillance program of exposed workers \[[@CR8]\].

Table [1](#Tab1){ref-type="table"}, [2](#Tab2){ref-type="table"}, [3](#Tab3){ref-type="table"} shows that CNT can induce fibrotic lung reactions, whatever the mode of experimental administration (inhalation, aspiration or injection) or the animal species used. Depending on their physicochemical characteristics, the fibrogenic activity of CNT appear, however, to vary considerably, pointing out the necessity to identify which CNT property(ies) drive(s) their hazardous activities, and which mechanisms are involved. It is, therefore, important to study and investigate how CNT can exert their pro-fibrotic activities and to initiate prevention strategies to avoid the development of diseases in humans like asbestosis.Table 1In vivo lung fibrotic reaction of CNT administered via inhalationInhalation studiesDurationCNTDoseExperimental modelFibrosisReferencesTypeSourceLength (μm)Diameter (nm)OtherSpeciesStrainMethods1-28dSWCNTCNI0.1--10.8--1.25 mg/m^3^, 5 h/d, 4dmouseC57BL/6SSCK, SRS+\[[@CR81]\]whole body1ySWCNTU1--3655 mg/m^3^, 5 h/d, 4dmouseC57BL/6SSCK+\[[@CR83]\]whole body2-12dMWCNT-7HCC//10 mg/m^3^, 5 h/dmouseC57BL/6 JMTS+\[[@CR84]\]whole body1 to 336dMWCNT-7HCC4.3/5 mg/m^3^, 5 h/d, 12dmouseC57BL/6 JSRS+\[[@CR27]\]whole body17 mMWCNT-7HCC1--640--905 mg/m^3^, 5 h/d, 5d/wmouseB6C3F1H&E↑\[[@CR85]\]whole body90dMWCNT-7HCC5.5--6.294--980.2--5 mg/m^3^, 5 h/d, 4dratF344MTS++\[[@CR86]\]whole body1d-14wMWCNTHMS0.3--5030--501--30 mg/m^3^, 6 h/dmouseC57BL/6MTS++\[[@CR87]\]nose inh90dMWCNTN0.1--105--150.1--2.5 mg/m3,ratWistarH&E-\[[@CR88]\]6 h/d, 5d/w, 13wnose inh90dMWCNTN0.1--105--150.1--2.5 mg/m^3^ratSHMTS, LS, GS-\[[@CR89]\]6 h/d, 5d/w, 13wnd inhnd: not determined. *Duration:* d: day; w: week; y: year. *CNT type:* AP: as prepared; COOH: carboxyl; NH2: amino; PD: purified. Source: A: Arkema (France); CNI: Carbon Nanotechnologies Inc. (Houston, TX); CT: Cheap Tubes (Brattlebore, VT); HCC: Hodogaya Chemical Company; HMS: Helix Materials Solution (Richardson, TX); MC: Mitsui & Company (Tokio, Japan); N: Nanocyl (Sambreville, Belgium); NI: NanoIntegris (Skokie, IL); NP: Nanotech Port (Chengdu, China); PIH: produced in-house; SA: Sigma-Aldrich (Lyon, France); SN: Shenzhen Nanoharbor (Shenzhen, China); SNP: Shenzhen Nanotech Port (Shenzhen, China); U: Unidym (Sunnyvale, CA). *Other:* AD: acetone/sonication dispersed; ALD: atomic layer deposition; BSA: bovine serum albumin; cc-PEI: carboxyl converted PEI; D: dispersed; DPPC: dipalmitoylphosphatidylcholine; F: functionalized; ND: no dispersed; PABS: polyaminobenzene sulfonic acid group; PEG: polyethylene glycol; PEI: polyethyleneimine; PF108-C: cruder stock; PF108-HD: homogeneously dispersed; SD: survanta dispersed; swNH2: sidewall amine. *Methods:* GS: Gomori staining; H&E: Hematoxylin and eosin stain; hcIll: histopathology collagen type III; LS: Ladewig staining; MTS: Masson\'s trichrome staining; OH-p: hydroxyl proline, SRS: Sirius red staining; SSCK: Sircol Soluble Collagen; WBc: western blot collagen. Fibrosis: +*p* \< 0.05, ++*p* \< 0.01, +++*p* \< 0.001 as reported in the respective paper; (\#) *p* \< 0.05 difference between particle responses as reported in the respective paper; ↑: increase of fibrosis suggested by authors but without statistical evidence Table 2In vivo lung fibrotic reaction of CNT administered via intratracheal injectionIntratracheal injection studiesDurationCNTDoseExperimental modelFibrosisReferencesTypeSourceLength (μm)Diameter (nm)OtherSpeciesStrainMethods7-56dshort SWCNTSN0.35--0.710--2060 μgMouseC57BL/6 JSSCK, MTS-\[[@CR65]\]long SWCNT5--1510--20(3 mg/kg)+14dSWCNT AMIDE/0.7--14--6F10 mg/kgMouseC57BL/6MTS, hcI, hcIII, hα-SMA++\[[@CR90]\]SWCNT COOH0.5--1.54--5F++SWCNT PABS0.5-11.1F++SWCNT PEG0.5--0.64.5F++1-180dMWCNTSA0.5--220--50BSA disp1--100 μgRatSprague--DawleySSCK, MTS-\[[@CR91]\](5--500 μg/kg)1-91dMWCNT-7MC58840--160 μgRatF344MTS↑\[[@CR92]\](0.2--0.8 mg/kg)1-30dshort MWCNTNP0.5--2500.6 mgRatSHSRS, hcIII-\[[@CR15]\]long MWCNT20--5050(3 mg/kg)++60dMWCNTPIH5.99.70.5--5 mgRatSprague--DawleyOH-p, MTS, ELISAc+++\[[@CR2]\]MWCNTg0.711.3(2.5--25 mg/kg)++60dMWCNTgPIH0.720--50defects +++2 mgRatWistarOH-p, MTS++\[[@CR93]\]MWCNTg 600defects ++(10 mg/kg)+++MWCNTg 2400defects ++++nd: not determined. *Duration:* d: day; w: week; y: year. *CNT type:* AP: as prepared; COOH: carboxyl; NH2: amino; PD: purified. Source: A: Arkema (France); CNI: Carbon Nanotechnologies Inc. (Houston, TX); CT: Cheap Tubes (Brattlebore, VT); HCC: Hodogaya Chemical Company; HMS: Helix Materials Solution (Richardson, TX); MC: Mitsui & Company (Tokio, Japan); N: Nanocyl (Sambreville, Belgium); NI: NanoIntegris (Skokie, IL); NP: Nanotech Port (Chengdu, China); PIH: produced in-house; SA: Sigma-Aldrich (Lyon, France); SN: Shenzhen Nanoharbor (Shenzhen, China); SNP: Shenzhen Nanotech Port (Shenzhen, China); U: Unidym (Sunnyvale, CA). *Other:* AD: acetone/sonication dispersed; ALD: atomic layer deposition; BSA: bovine serum albumin; cc-PEI: carboxyl converted PEI; D: dispersed; DPPC: dipalmitoylphosphatidylcholine; F: functionalized; ND: no dispersed; PABS: polyaminobenzene sulfonic acid group; PEG: polyethylene glycol; PEI: polyethyleneimine; PF108-C: cruder stock; PF108-HD: homogeneously dispersed; SD: survanta dispersed; swNH2: sidewall amine. *Methods:* GS: Gomori staining; H&E: Hematoxylin and eosin stain; hcIll: histopathology collagen type III; LS: Ladewig staining; MTS: Masson\'s trichrome staining; OH-p: hydroxyl proline, SRS: Sirius red staining; SSCK: Sircol Soluble Collagen; WBc: western blot collagen. Fibrosis: +*p* \< 0.05, ++*p* \< 0.01, +++*p* \< 0.001 as reported in the respective paper; (\#) *p* \< 0.05 difference between particle responses as reported in the respective paper; ↑: increase of fibrosis suggested by authors but without statistical evidence Table 3in vivo lung fibrotic reaction of CNT administered via pharyngeal aspirationPharyngeal aspiration studiesDurationCNTDoseExperimental modelFibrosisReferencesTypeSourceLength (μm)Diameter (nm)OtherSpeciesStrainMethods2wSD SWCNTCNI0.1--10.8--1.2survanta acetone disp10 μgmouseC57BL/6 JSSCK, WBc+\[[@CR29]\]AD SWCNT(0.5 mg/kg)+1-28dSWCNTCNI0.1--10.8--1.25--20 μgmouseC57BL/6SSCK, SRS↑\[[@CR81]\](0.25--1 mg/kg)1-60dSWCNTCNI/1--410--40 μgmouseC57BL/6SRS, MTS+\[[@CR38]\](0.5--2 mg/kg)28dSWCNTCNI/1--440 μgmouseC57BL/6SSCK+\[[@CR17]\](2 mg/kg)C57BL/6gp91^phox−/−^-28dSWCNTCNI0.71--440 μgmouseC57BL/6SRS, SSCK+\[[@CR94]\](2 mg/kg)B6.129X1-MPO+ (\#)3wSWCNTCNI0.5--20.4--1.240 μgmouseC57BL/6SSCK, MTS+\[[@CR95]\]twice a week 3 weeks7dSWCNTCNI1--31--440--80 μgmouseC57BL/6SSCK+\[[@CR96]\](2--4 mg/kg)28dSWCNTU1--31--440 μgmouseC57BL/6SRS, SSCK+\[[@CR19]\](2 mg/kg)1ySWCNTU1--36540 μgmouseC57BL/6SSCK+\[[@CR83]\](2 mg/kg)21dSWCNT BSA-AP-HipcoNI1000--50000.7--1.1BSA-coated2 mg/kgmouseC57BL/6SSCK, MTS+\[[@CR47]\]SWCNT PF108-Hipco500--15000.7--1.1PF-108-coated-14-56dSWCNT/5--15\<280 μg/mmouseC57BL/6OH-p, MTS+\[[@CR64]\](4 mg/kg)90dShort SWCNTCT11140 μg/mmouseC57BL/6 JSSCK, SRS+\[[@CR31]\]Long SWCNT1311(2 mg/kg)+ (\#)21dMWCNTCT10--3020--302 mg/kgmouseC57BL/6SSCK, MTS+\[[@CR54]\]P47^phox−/−^ C57BL/6-21dMWCNT APCT0.57F+MWCNT NH2From AP0.45F+MWCNT sw-NH2From AP0.58F+MWCNT PEIFrom AP0.33/F2 mg/kgmouseC57BL/6SSCK, MTS+ (\#)\[[@CR45]\]MWCNT cc-PEIFrom AP-F+MWCNT COOHFrom AP0.38F-MWCNT PEGFrom AP0.27-21dAP MWCNT DCTBSA + DPPC+AP MWCNT NDCT/-PD MWCNT DFrom AP10--3020--30BSA + DPPC2 mg/kgmouseC57BL/6MTS, SSCK+\[[@CR36]\]PD MWCNT NDFrom AP/-COOH MWCNT DFrom APBSA + DPPC+COOH MWCNT NDFrom AP/-21dAP MWCNTCT1.97BSA-dispersed+AP MWCNTCT1.16PF108-C-AP MWCNTCT0.15PF108-HD-PD MWCNTFrom AP2.11BSA-dispersed+PD MWCNTFrom AP1.5220--30PF108-C2 mg/kgmouseC57BL/6SSCK, MTS-\[[@CR97]\]PD MWCNTFrom AP0.14PF108-HD-COOH MWCNTFrom AP1.96BSA-dispersed+COOH MWCNTFrom AP1.8PF108-C-COOH MWCNTFrom AP0.15PF108-HD-1-14dMWCNT-7MC3.9495--40 μgmouseC57BL/6 JMTS, SRS+++\[[@CR37]\](0.25--2 mg/kg)1-56dMWCNT-7MC3.864910--80 μgmouseC57BL/6 JSRS+\[[@CR26]\](0.5--4 mg/kg)1-56dMWCNT-7MC3.864910--80 μg/mmouseC57BL/6 JSRS+\[[@CR82]\](0.5--4 mg/kg)1 to 56dMWCNT-7HCC4.3/80 μg/mmouseC57BL/6 JSRS+\[[@CR27]\](4 mg/kg)28dMWCNTHMS0.5--4010--30Uncoated4 mg/kgmouseC57BL/6MTS+++ (\#)\[[@CR50]\]ALD-coated+60dMWCNT NM400N0.7--35--35+++MWCNT NM402A0.7--46--2012.5--100 μg/mmouseC57B6/6OH-p, SRS+++\[[@CR23]\]MWCNT NM400cN0.1--0.518--35(0.6--5 mg/kg)-MWCNTg 2400PIH0.720--50-60dMWCNT NM400N0.7--35--35++MWCNT longCT10--3011--59100 μg/mmouseC57BL/6OH-p, SRS++\[[@CR34]\]MWCNT shortCT0.5--210--47(5 mg/kg)-MWCNT thickCT10--3015--74-nd: not determined. *Duration:* d: day; w: week; y: year. *CNT type:* AP: as prepared; COOH: carboxyl; NH2: amino; PD: purified. Source: A: Arkema (France); CNI: Carbon Nanotechnologies Inc. (Houston, TX); CT: Cheap Tubes (Brattlebore, VT); HCC: Hodogaya Chemical Company; HMS: Helix Materials Solution (Richardson, TX); MC: Mitsui & Company (Tokio, Japan); N: Nanocyl (Sambreville, Belgium); NI: NanoIntegris (Skokie, IL); NP: Nanotech Port (Chengdu, China); PIH: produced in-house; SA: Sigma-Aldrich (Lyon, France); SN: Shenzhen Nanoharbor (Shenzhen, China); SNP: Shenzhen Nanotech Port (Shenzhen, China); U: Unidym (Sunnyvale, CA). *Other:* AD: acetone/sonication dispersed; ALD: atomic layer deposition; BSA: bovine serum albumin; cc-PEI: carboxyl converted PEI; D: dispersed; DPPC: dipalmitoylphosphatidylcholine; F: functionalized; ND: no dispersed; PABS: polyaminobenzene sulfonic acid group; PEG: polyethylene glycol; PEI: polyethyleneimine; PF108-C: cruder stock; PF108-HD: homogeneously dispersed; SD: survanta dispersed; swNH2: sidewall amine. *Methods:* GS: Gomori staining; H&E: Hematoxylin and eosin stain; hcIll: histopathology collagen type III; LS: Ladewig staining; MTS: Masson\'s trichrome staining; OH-p: hydroxyl proline, SRS: Sirius red staining; SSCK: Sircol Soluble Collagen; WBc: western blot collagen. Fibrosis: +*p* \< 0.05, ++*p* \< 0.01, +++*p* \< 0.001 as reported in the respective paper; (\#) *p* \< 0.05 difference between particle responses as reported in the respective paper; ↑: increase of fibrosis suggested by authors but without statistical evidence

Regulatory toxicology currently moves towards the mode of action concept, aligned with so-called adverse outcome pathways (AOP). AOP refers to a conceptual structure that portrays existing knowledge concerning a series of key events (KE) along a biological pathway from the molecular initial event (MIE) to the adverse outcome (AO) \[[@CR9]\]. Organization of these data in an AOP provides a systematic and transparent knowledge that may help elucidating and identifying the key mechanisms of toxicity, and the strength of their relationship, which lead to the progression of the AO. This knowledge can guide researchers to focus on key toxic events and assays or, where data gaps exist, this might provide an incentive to identify and highlight new mechanisms of action. Additionally, AOPs can facilitate the development of simple and fast test methods to predict the potential hazard of CNT, thus reducing the use and costs of animal and time-consuming experiments. The present review focuses on mechanisms of the lung fibrotic reaction induced by CNT with a view to developing an AOP.

Lung fibrotic reactions and CNT {#Sec2}
===============================

In response to prolonged tissue injury or chronic inflammation, fibroblasts can be activated, resulting in three KE involved in the development of lung fibrosis: i) cell proliferation, ii) differentiation into myofibroblasts and iii) exaggerated production of extracellular matrix (ECM) proteins, leading to ECM accumulation in the lung parenchyma, modification of the lung architecture, organ dysfunction and, eventually, severe respiratory insufficiency \[[@CR10]\]. Fibroblasts can derive from different sources, including lung resident fibroblasts, epithelial cells undergoing epithelial-mesenchymal transition (EMT) and bone marrow progenitors called fibrocytes. Numerous studies have aimed at identifying how CNT can promote pro-fibrotic responses, based on the current paradigm in particle toxicology that considers particle-inflammation as key player in inducing fibrosis \[[@CR11], [@CR12]\].

CNT can induce the release of pro-inflammatory and pro-fibrotic growth factors by macrophages and epithelial cells \[[@CR13]--[@CR16]\], which are in the frontline in lung alveoli. The release of these mediators can induce the recruitment, proliferation and differentiation of fibroblasts, which then produce the ECM components. In this context, interstitial fibroblasts, epithelial cells undergoing EMT and fibrocytes can be involved. Additionally, other cell types seem to be involved in fibrogenic responses induced by CNT, such as T and B cells, polymorphonuclear neutrophils (PMN), mast and endothelial cells \[[@CR17]--[@CR21]\]. However, there is no evidence on how these cells can activate fibroblasts upon CNT exposure and lead to fibrosis.

In addition, scientists recently started to scrutinize the potential interaction of CNT with fibroblasts. CNT can activate fibroblasts in vitro, resulting in increased proliferation, differentiation and collagen production \[[@CR22]--[@CR24]\]. Interestingly, only fiber-shape particles such as asbestos \[[@CR25]\] and CNT seem to have the capacity to induce fibroblast activation, suggesting a new mechanism of action for these particles.

After reviewing recent advances in this area we propose an AOP, focusing on CNT and lung fibrosis. In agreement with the observations reported above, we classified the effects of CNT in two different ways: i) direct effects on fibroblasts and ii) pro-inflammatory and pro-fibrotic effects on macrophages and epithelial cells, which we call "indirect" effects on fibroblasts. For the indirect effect on fibroblasts, we focused on macrophages and epithelial cells, because of their central role and extensive literature published in this area. To have a clear overview of the pathways involved in the development of fibrosis we further structured the review in multiple sections for each cell type analyzed (CNT localization, effects, mechanisms, relevance of in vitro CNT activities for in vivo effects) in order to design a structured AOP. We summarize here evidences of a close cooperation between fibroblasts, macrophages and epithelial cells in the development of pulmonary fibrosis upon CNT exposure.

The direct effects of CNT on fibroblasts {#Sec3}
========================================

Fibroblasts and CNT lung localization {#Sec4}
-------------------------------------

To support the new paradigm that CNT can have a direct effect on fibroblasts, we first need to address the localization of CNT deposited in the lung. Recent studies have shown the localization of CNT in the alveolar interstitium after pharyngeal aspiration or inhalation exposure using light microscopy, field emission electron microscopy (FESEM) and a new technique based on enhanced-darkfield illumination optics and imaging \[[@CR26], [@CR27]\]. These studies support the idea that CNT are able to reach the alveolar interstitium rapidly after exposure and get in close contact with fibroblasts, suggesting that these particles can act directly on these cells possibly contributing to fibrosis development. This observation is further supported by a previous paper by Mercer et al. \[[@CR28]\], who observed that dispersed SWCNT (average equivalent diameter 0.69 μm) reached the deep lung and rapidly penetrated in the alveolar interstitium causing after 7 days an increase of thickness of alveolar walls and collagen content after pharyngeal aspiration of 10 μg CNT/mouse (corresponding to 0.5 mg/kg b.w., considering a mouse weight of 20 g). On the contrary, agglomerates and poorly dispersed SWCNT (average equivalent diameter 15.2 μm) were principally deposited in the proximal alveolar region and formed granuloma, confirming that CNT aggregation plays a role in their tissue distribution and thus fibrogenic activity. These studies used doses of CNT equivalent to a human exposure scenario for a person performing a light work, based on average daily CNT workplace exposure. Also the group of Wang et al. \[[@CR24]\] showed that MWCNT can directly interact with fibroblasts in vivo. Long MWCNT (length 20--50 μm), which were not phagocytosed by macrophages, were found at the surface and also inside cells stained positively for FSP-1 (fibroblast specific marker) contrary to short MWCNT (length 0.5-2 μm) after intratracheal instillation of 0.6 mg/rat (3 mg/kg b.w., considering a rat weight of 200 g). This dose is similar to that used by Mercer et al. \[[@CR28]\] as 80 μg CNT/mouse corresponds to 4 mg/kg b.w. Taken together, these data confirm the relevance of investigating the direct activities of CNT on lung fibroblasts.

CNT activities on fibroblasts {#Sec5}
-----------------------------

### Effects {#Sec6}

In this section, we focus on in vitro studies that addressed the activation of fibroblasts by CNT, as illustrated in Fig. [1](#Fig1){ref-type="fig"}. As mentioned above, the ultimate events in fibrogenesis are fibroblast proliferation, differentiation and ECM production. The first study that demonstrated a direct effect of CNT on fibroblasts was published by the group of Wang et al. \[[@CR22]\]. Low concentrations of dispersed SWCNT (0.02--0.24 μg/cm^2^), extrapolated from in vivo doses (10--40 μg/mouse, corresponding to 0.5--2 mg/kg b.w.), stimulated cell proliferation, collagen production and matrix metalloproteinases (MMP)-9 expression in human lung fibroblast (CRL-1490). Other in vitro studies observed that both SWCNT and MWCNT were able to directly stimulate fibroblast proliferation, differentiation and collagen production \[[@CR14], [@CR23], [@CR24], [@CR29]--[@CR31]\]. In general, these studies demonstrated that CNT have a direct and rapid effect on different types of fibroblasts, only after 24 or 48 h exposure to doses of CNT relevant for in vivo and human exposure scenarios. These results also show that CNT activity on fibroblasts is not species-specific and that the types of fibroblast tested, such as CRL-1490 and mouse lung fibroblast (MLg), are useful cell models, providing support to extrapolate in vitro data to in vivo and human exposures. However, some CNT have also been observed to be cytotoxic to fibroblasts \[[@CR13], [@CR32]\] and it appears that this effect is related to the production of reactive oxygen species (ROS) by fibroblasts exposed to CNT, which we will describe in more details in the next section. MWCNT (20 μg/ml) were also found to increase transforming growth factor (TGF)-β and platelet-derived growth factor (PDGF) mRNA and proteins in lung fibroblasts after 24 h exposure \[[@CR13]\]. Both growth factors are well known as key mediators in the pathogenesis of pulmonary fibrosis. PDGF stimulates fibroblast proliferation and acts as a potent chemoattractant for fibroblasts and myofibroblasts, thereby promoting fibrosis. TGF-β stimulates the differentiation of mesenchymal cells and the synthesis of collagen. Also, pro-inflammatory mediators could mediate the release of TGF-β and PDGF and thus potentially exacerbate fibrosis development \[[@CR13]\]. However, the release of pro-inflammatory mediators by fibroblasts after CNT exposure has not been observed so far.Fig. 1Direct effects of CNT on fibroblasts

### Mechanisms {#Sec7}

Few studies investigated the specific mechanisms of action by which CNT can directly promote fibroblast activation. A recent study observed that long MWCNT (length 20--50 μm, doses 15--60 μg/ml) directly promote fibroblast differentiation into myofibroblasts through the activation of TGF-β/Smad signaling \[[@CR24]\]. This pathway is largely known to drive myofibroblast differentiation, but explored for the first time in the context of CNT-induced fibroblast activation. The mechanisms involved in fibroblast proliferation were investigated in two other studies. Azad et al. \[[@CR14]\] observed that SWCNT (5--25 μg/ml) induce fibroblast proliferation and collagen production through a ROS-dependent p38 MAPK signaling leading to the production of TGF-β and vascular endothelial growth factor (VEGF). Oxidative stress reflects an imbalance between the production of different reactive metabolites, including ROS and antioxidant defenses. CNT have been shown to induce ROS production both in vitro and in vivo, directly via physico-chemical reactivity, for example through active residual metal catalysts present on the surface of CNT (discussed in section: "Indirect effects of CNT on fibroblasts"), or indirectly, via the activation of enzymatic pathways leading to release of oxidative species. Oxidative stress has been identified as an initiating factor in the pathogenesis of fibrosis as it can increase pro-fibrotic growth factors production leading to the activation of fibroblasts, as described by Azad et al. \[[@CR14]\]. Interestingly, Manke et al. \[[@CR31]\] also observed that SWCNT (0.06 μg/cm^2^) induced collagen and TGF-β production via ROS generation in normal human lung fibroblasts (NHLF) and these effects were inhibited in the presence of N-acetyl cysteine (NAC). MWCNT-induced oxidative response was also related to a cytotoxic activity of CNT on fibroblasts \[[@CR32], [@CR33]\]. We showed the implication of TGF-β, PDGF and epidermal growth factor (EGF) receptors in MWCNT-induced fibroblast proliferation. In presence of low concentrations of different growth factors, we observed that long and thin MWCNT (MWCNT length 10--30 μm and diameter 10--60 nm; doses 15 μg/cm^2^, corresponding to 24 μg/ml by considering a well surface area of 0.32 cm^2^), but not short or thick CNT (MWCNT short: length 0.5-2 μm and diameter 10--50 nm; MWCNT thick: length 10--30 μm and diameter 15--75 nm), directly stimulated fibroblast proliferation via kinase receptors, ERK 1/2 signaling and endocytosis pathways \[[@CR34]\]. Some other studies have shown that CNT can be taken up by fibroblasts \[[@CR24]\]. However, for the first time it was shown that endocytosis is required for the activation of fibroblasts \[[@CR34]\]. Moreover, kinase receptors have been found to be involved in the proliferative activity of MWCNT by using receptor inhibitors, which also inhibited ERK 1/2 signaling pathway \[[@CR34]\]. Currently, no data is available on how CNT could interact with these receptors. Asbestos fibers have been shown to directly bind and activate EGF receptor \[[@CR35]\], suggesting that CNT could somehow interact with kinase receptors. Azad et al. \[[@CR14]\] and Vietti et al. \[[@CR34]\] have identified different mechanisms leading to CNT-induced fibroblast proliferation. This may be related to the physico-chemical properties of CNT, suggesting that CNT can activate fibroblast in different ways depending on their structure and possibly their potential to generate ROS. However, these differences can also reflect different experimental procedures, such as cell lines, dispersion medium and methods used. It should be noted that the doses able to activate fibroblasts are in the same range of 5--60 μg/ml, which has been calculated to be relevant for in vivo and human exposure scenarios.

### Relevance of in vitro CNT activities for in vivo effects {#Sec8}

Exploring correlations between in vitro results and pulmonary fibrotic responses in vivo is helpful to derive in vitro assays suitable for predicting the lung fibrogenic activity of CNT. Several studies observed a relationship between in vitro results on fibroblasts and in vivo findings \[[@CR23], [@CR30], [@CR31], [@CR36]\]. The capacity of a range of CNT to induce fibroblast proliferation and collagen production has been shown to correlate with their in vivo fibrotic activity. Moreover, the upregulation of TGF-β expression by fibroblasts in vitro upon CNT exposure has been associated with the in vivo lung fibrosis outcome \[[@CR31]\]. More recently, MWCNT-induced prolongation of ERK 1/2 signaling pathway in vitro was reported as a mechanism correlated with their activity on lung fibroblast proliferation and, most interestingly, with their lung fibrotic activity in vivo \[[@CR34]\]. Taken together, these results show that in vitro responses of lung fibroblasts to CNT correlate to their pro-fibrogenic potential in vivo. Assessing the activity of CNT in fibroblast proliferation and collagen production assays may therefore contribute to refine, reduce and/or replace conventional in vivo animal tests for predicting pulmonary fibrotic responses.

Indirect effects of CNT on fibroblasts {#Sec9}
======================================

The fibrogenic activity of inhaled particles, such as asbestos and crystalline silica, is usually ascribed to an indirect effect on fibroblasts mediated by macrophages and epithelial cells. In this section, we focus on the role of these cells in promoting, indirectly, fibroblast activation upon CNT exposure.

The role of macrophages {#Sec10}
-----------------------

Macrophages are inflammatory cells involved in innate and adaptive immunity, present in alveoli as front line immune defense. Their primary role is to remove or sequester offending agents. They play an essential role in intercellular communication through the release of growth factors and cytokines promoting lung fibrosis including the pro-fibrotic growth factors PDGF and TGF-β, and pro-inflammatory cytokines, such as interleukin (IL) -1β.

### Macrophage recruitment and CNT phagocytosis {#Sec11}

Traditionally, particle-induced fibrosis (asbestosis and silicosis) has been associated with sustained inflammatory recruitment and responses as a first step in fibrogenesis. Dong et al. \[[@CR37]\] have shown a rapid infiltration of macrophages in lung tissues and alveoli after pharyngeal aspiration of CNT (40 μg/mouse, corresponding to 2 mg/kg b.w.). They observed a macrophage infiltration at day 1 post-exposure that was maintained till day 7 and then reduced but significantly higher than in controls through day 14 in both the interstitial and alveolar spaces. The early macrophage infiltration was also confirmed in other studies with an up-regulated number until day 28, accompanied by an early increase of pro-inflammatory cytokines \[[@CR18], [@CR38]\]. Mangum et al. \[[@CR39]\] did not observe an inflammatory response upon SWCNT exposure (2 mg/kg rat b.w.) after 21 days, although interstitial fibrotic lesions were observed near clusters of macrophages that had engulfed aggregates of SWCNT. However, it should be noted that lung histology may not be sufficiently sensitive to exclude SWCNT-induced inflammatory responses. Interestingly, the authors observed that CNT were able to form intercellular structures that bridged alveolar macrophages at 21 days post-exposure, while these structures were not observed in the lungs of rats exposed to carbon black (CB). Rats were exposed to equivalent doses of SWCNT and CB (2 mg/kg b.w.), with similar specific surface area (about 300--600 m^2^/g), thus suggesting that the intercellular structures that bridged alveolar macrophages were probably due to particle shape. How CNT bridges form and their functional consequences have yet to be determined. They observed that a major portion of CNT was engulfed by macrophages. Others papers have also observed the uptake and long-term persistence of CNT within macrophages \[[@CR2], [@CR40]\]. Mercer et al. \[[@CR27], [@CR28], [@CR40]\] documented the presence of CNT within alveolar and interstitial macrophages and the pulmonary persistence of these particle was associated with toxicity. However, in the study of Kobayashi et al. \[[@CR41]\], fibrotic responses were not observed, though MWCNT (0.04-1 mg/kg rat b.w.) were present in alveolar macrophages until 6 month post-exposure. Authors suggested that MWCNT were being processed and cleared by alveolar macrophages probably due to their short length (1.5 μm). It could also be due to the lower doses used compared to other studies (Table [1](#Tab1){ref-type="table"}, [2](#Tab2){ref-type="table"}, [3](#Tab3){ref-type="table"}).

Collectively, these observations show that CNT interact with macrophages. We discuss below the activities of CNT on macrophages and their mechanisms of action and how this may impact on fibroblast activation, thus contributing to the indirect pro-fibrotic effects of CNT on fibroblasts as part of the AOP.

### CNT activities on macrophages {#Sec12}

#### Effects {#FPar1}

Macrophages can, in response to CNT, produce pro-inflammatory and pro-fibrotic mediators that play important roles in inflammation and establishment of pulmonary fibrosis. Among pro-inflammatory mediators, IL-1β has been reported to play a key role in fibrosis pathogenesis. MWCNT (25--100 μg/ml) were shown to induce the release of IL-1β and IL-18 by cultured alveolar macrophages isolated from naive C57BL/6 mice and by human monocytic cell line (THP-1), and their secretion was suppressed by inhibitors of caspase-1 and cathepsin B \[[@CR42]\]. Several other in vitro studies observed that CNT enhanced IL-1β release in macrophages via inflammasome activation, nuclear factor-kappa B (NF-kB) and oxidative stress \[[@CR13], [@CR35], [@CR36], [@CR43]--[@CR47]\], which we discuss in the mechanisms section. Moreover, IL-1β has also been shown to induce the release of the pro-fibrotic mediators TGF-β and PDGF from different cell types, thus highlighting the importance of the pro-inflammatory mediators released by macrophages \[[@CR13]\]. Tumor necrosis factor (TNF)-α is also known to upregulate the expression of TGF-β by epithelial cells \[[@CR48]\]. Increased levels of TNF-α were observed in murine lung after CNT administration and secreted by macrophages after in vitro exposure to CNT \[[@CR2], [@CR38], [@CR49], [@CR50]\]. However, the role of TNF-α in CNT-induced fibrosis is less well documented than for IL-1 β.

Both SWCNT and MWCNT have also been shown to induce the secretion of TGF-β and PDGF from macrophages in vitro and in vivo \[[@CR13], [@CR15], [@CR38], [@CR45], [@CR51]\]. Conditioned media from macrophages exposed to CNT, in which TGF-β and PDGF was measured, acted as paracrine signals on fibroblasts by inducing their activation, thus potentially contributing to the development of CNT-induced lung fibrosis \[[@CR13], [@CR15]\]. Recent reports also demonstrated the release of osteopontin (OPN), MMP and tissue inhibitors of matrix metalloproteinase (TIMP) by macrophages \[[@CR50], [@CR52]\]. The pro-fibrotic activity of OPN is known to involve proliferation and migration of fibroblasts and, like MMP and TIMP, modulation of ECM. However, evidence for the role of OPN in CNT-induced fibroblast activation is currently lacking.

Thus, we identified IL-1β, TGF-β and PDGF released by macrophages as relevant paracrine signals to stimulate fibroblasts via alteration of several signal transduction pathways that may contribute to the AOP.

#### Mechanisms {#FPar2}

Recent studies have reported the role of inflammasome activation in inducing pulmonary inflammation and fibrosis. Inflammasome is a multiprotein oligomer that mediates activation of caspase-1 which promotes the maturation of the pro-inflammatory cytokines IL-1β and IL-18. Members of the Nod-like receptor family, including NLRP1, NLRP3 or NLRC4, and the adaptor ASC are critical components of the macrophage inflammasome. Several studies observed that CNT enhance IL-1β release by macrophages via inflammasome activation \[[@CR42]--[@CR46]\].

Nuclear factor-kappa B (NF-kB), a key mediator of inflammatory responses, is another player implicated in the release of IL-1β. He et al. \[[@CR13]\] showed that MWCNT (2--20 μg/ml) increased the secretion of different pro-inflammatory cytokines and chemokines, such as IL-1β, TNF-α, IL-6, IL-10 and MCP1, through the activation of the NF-κB signaling pathway in mouse leukaemic monocyte macrophage cell line (RAW 264.7). However, authors did not provide data linking the release of pro-inflammatory mediators with the activation of NF-kB. Thus, it remains critical to elucidate the mechanisms by which CNT affect NF-kB activity and the downstream responses, as the release of IL-1β. Similar observations were obtained after THP-1 exposure to SWCNT (0.05 mg/ml), which led to the activation of NF-kB and the secretion of different cytokines \[[@CR53]\].

Activation of the inflammasome and release of IL-1β have also been associated with oxidative stress induced by CNT. Nicotinamide adenine dinucleotide phosphate (NADPH) oxidase is an important regulator of inflammasome and fibrotic development in response to CNT. NADPH oxidase is a membrane-bound enzyme complex that generates superoxide by transferring electrons from NADPH and coupling these to molecular oxygen to produce superoxide anion. NADPH oxidase is composed of transmembrane (gp91^phox^ and p22^phox^), cytosolic (p40^phox^, p47^phox^ and p67^phox^) and GTPase (Rac 1/2) subunits. Sun et al. \[[@CR54]\] observed that NADPH oxidase-induced oxidative stress was involved in the generation of lung fibrosis upon MWCNT exposure, via NLRP3 inflammasome activation and IL-1β production. These responses were obtained in wild-type and p22^phox^-deficient THP-1 macrophage cells, p47^phox^-deficient primary bone marrow-derived macrophages and in vivo models (C57BL/6 and p47^phox−/−^ C57BL/6 mice) exposed to 50 μg/ml and 50 μg/mouse (corresponding to 2.5 mg/kg b.w.) MWCNT, respectively. These data were also confirmed by treating wild type mice with NAC, a thiol antioxidant, confirming a significant reduction of IL-1β, TGF-β and collagen deposition in vivo. Another study showed that long, needle-like CNT (100 μg/ml, length of about 13 μm) induced NLRP3 inflammasome activation via ROS production \[[@CR43]\]. Thus, oxidative stress plays a role in the activation of the inflammasome by CNT and release of IL-1β, which can contribute to the induction of pro-fibrotic growth factors and fibrosis development.

Phagocytosis of CNT has also been implicated in the release of reactive species, mainly associated with frustrated phagocytosis, which is a pro-inflammatory condition \[[@CR55]\]. This occurs when particles are physically too long for the macrophages to engulf them. CNT which undergo frustrated phagocytosis or were taken up by macrophages induced oxidative stress \[[@CR56], [@CR57]\]. Further studies should be conducted to investigate the direct relationship between CNT phagocytosis, oxidative stress and their impact on the release of IL-1β, for example by using endocytosis inhibitors. Moreover, frustrated phagocytosis also led to CNT biopersistence, as the clearance of inhaled material is hampered, and to the release of pro-inflammatory (IL-6 and IL-8) and pro-fibrotic mediators (TGF-β) \[[@CR58], [@CR59]\]. These data suggest a relevant role of oxidative stress in CNT-induced IL-1β release and fibrosis development.

In conclusion and in the context of the AOP, inflammasome, NF-kB and oxidative stress induced by CNT in macrophages can be identified as important mechanisms of action since these can induce the release of pro-inflammatory and pro-fibrotic mediators regulating fibroblast activation and fibrotic responses.

#### Relevance of in vitro CNT activities for in vivo effects {#FPar3}

We found fewer studies that investigated the relationship between the response of macrophages in vitro and in vivo data regarding the development of lung fibrosis, compared to the direct effect of CNT on fibroblasts. CNT able to trigger the release of IL-1β by THP-1 or alveolar macrophages in vitro were observed to induce an increase of this cytokine and collagen deposition in the alveolar region of mice \[[@CR36], [@CR45], [@CR47], [@CR54]\]. Sun et al. \[[@CR54]\] observed the implication of NADPH oxidase in the activation of the NLRP3 inflammasome and the release of IL-1β both in vitro and in vivo and thus the development of lung fibrosis. Unfortunately, these authors have investigated only one type of MWCNT in vivo whereas several CNT were used in the in vitro tests. Thus, the relevance of these in vitro data should be confirmed with a wider range of CNT. The release of TGF-β and PDGF has also been observed in a co-culture of THP-1 with human bronchial epithelial cells (BEAS-2B) exposed to CNT and associated with an increase of collagen and of these growth factors in vivo \[[@CR45]\].

Taken together, these results suggest that the release of TGF-β, PDGF and IL-1β (that can also act as autocrine signals) by macrophages exposed to CNT can act as paracrine signals for the activation of fibroblasts, supporting an indirect mechanism of CNT to activate fibroblasts, as illustrated in Fig. [2](#Fig2){ref-type="fig"}. This knowledge is used for establishing the AOP, as in vitro studies on macrophages were identified as another potentially effective model for assessing the pro-fibrogenic potential of CNT. To investigate the indirect effect of CNT on fibroblast via macrophages, TGF-β, PDGF and IL-1β are relevant mediators and inflammasome, NF-kB and oxidative stress are relevant pathways.Fig. 2Indirect effects of CNT on fibroblasts via macrophages

The role of epithelial cells {#Sec13}
----------------------------

The alveolar epithelium comprises two main cell types: type I and type II pneumocytes. Type I cell represents the gas exchange surface in the alveolus and cover about 97 % of the total alveolar surface area, while type II cells mainly release pulmonary surfactant to optimize conditions for gas exchange. In case of tissue injury, type I cells can be damaged, causing a loss of epithelial barrier and type II cells can i) be activated to release inflammatory mediators, ii) proliferate or differentiate in type I cells to restore the injured basement membranes, iii) undergo epithelial-mesenchymal transition (EMT) as an alternative source of fibroblasts to repair injured tissue. Also the epithelial cells in the trachea or bronchi region have a role in the pulmonary system. These cells secrete mucus, which helps to maintain epithelial moisture and traps particulate material and pathogens moving through the airway. Several evidences show that the effect of CNT on epithelial cells can play an important role in fibrosis development. CNT can induce the indirect activation of fibroblasts via the release of pro-inflammatory and pro-fibrotic mediators by epithelial cells and, additionally, CNT have been found to induce the transformation of epithelial cells through EMT.

### Epithelial surface and CNT localisation {#Sec14}

Alveolar epithelial cells are one of the first targets of CNT once inhaled, and CNT were observed to directly interact with alveolar epithelial cells in vivo few days after particle exposure. CNT (0.6 mg/rat, corresponding to 3 mg/kg b.w.) accumulated and were taken up by epithelial cells stained positively for E-cadherin in vivo, and these data were confirmed in vitro in a rat alveolar type II cell line \[[@CR24]\]. Mercer et al. \[[@CR40]\] observed a rapid and direct penetration of MWCNT (80 μg/mouse, corresponding to 4 mg/kg b.w.) in type I epithelial cells only one day after mice exposure. In contrast, they rarely observed the penetration of MWCNT in type II epithelial cells. However, several in vitro studies showed the capacity of different type II epithelial cell lines to take up CNT \[[@CR36], [@CR60]--[@CR62]\].

The above data highlight that CNT are able to rapidly enter in contact with epithelial cells, thus potentially inducing a variety of adverse effects on these cells, which can contribute to promote a fibrotic process. In the following sections we will discuss CNT activities on epithelial cells, including the process of EMT, and release of pro-inflammatory and pro-fibrotic mediators, and their impact on fibroblasts. This knowledge contributes to the development of the AOP.

### CNT activities on epithelial-mesenchymal transition {#Sec15}

Epithelial injury can lead to EMT, a process characterized by the transition of epithelial cells to mesenchymal features, by which epithelial cells lose their cell polarity and cell-cell adhesion, and gain migratory and invasive properties. EMT has been suggested to play an important role in fibrosis development, providing an alternative source of fibroblasts and causing a loss of epithelial barrier \[[@CR63]\].

Currently, few studies have analyzed the effect of CNT on EMT and its effective role in fibrosis induced by CNT is still unclear. Chang et al. \[[@CR64]\] showed that in vivo SWCNT exposure (80 μg/mouse, corresponding to 4 mg/kg b.w.) induced EMT of lung epithelial cells, identified by surfactant protein C (SPC) and N-cadherin (N-cad) markers. Moreover, these epithelial derived fibroblasts have been shown to produce collagen. Authors suggested that this process was induced by the activation of TGF-β/p-Smad2 and β-catenin in epithelial cells. Two other studies confirmed the importance of TGF-β/Smad2 signaling in CNT-induced EMT \[[@CR24], [@CR65]\]. Chen et al. exposed mice (60 μg/mouse, corresponding to 3 mg/kg b.w.) and A549 cells (1.4--16 μg/cm^2^, corresponding to 2--26 μg/ml considering a well surface area of 0.32 cm^2^) to long (length 5--15 μm) and short (length 350--750 nm) MWCNT. Wang et al. tested long (length 20--50 μm) and short (0.5--2 μm) MWCNT in rats (0.6 mg/rat, corresponding to 3 mg/kg b.w.) and the rat alveolar type II cell line (RLE-6TN; 30 μg/ml). Both in vivo studies showed that only long MWCNT, but not short fibers, directly interacted with epithelial cells, were taken up by endocytosis and promoted EMT. In vitro data confirmed that only long MWCNT induced EMT through the activation of TGF-β/Smad2 signaling in epithelial cells and CNT were shown to downregulate E-cadherin and upregulate α-SMA, cell-cell adhesion and myofibroblast markers, respectively.

In summary, CNT-induced EMT was confirmed in different species and in epithelial cells of various origins. The mechanism of CNT-induced EMT is similar to that identified for CNT-induced fibroblast differentiation, TGF-β/Smad2 signaling playing a key role in cell transformation in response to CNT. On the other hand, asbestos was found to induce EMT in A549 cells via the MAPK/ERK pathway, not associated with TGF-β signaling activity \[[@CR66]\]. Thus, CNT have been shown to increase fibroblast population via the induction of EMT.

### CNT activities on epithelial cells {#Sec16}

#### Effects {#FPar4}

Activation of epithelial cells after CNT exposure can result in the release of pro-inflammatory and pro-fibrotic mediators. Hussain et al. \[[@CR16]\] demonstrated that the internalization of MWCNT (1.5--24 μg/ml) in primary human bronchial epithelial cells (HBE) induced the release of IL-1β and IL-18, which have been identified as key modulators of pro-fibrotic responses in fibroblasts, including the expression of tenascin (TN)-C (an extracellular matrix glycoprotein), TIMP-1 and OPN. Authors also observed a release of IL-8 from epithelial cells upon CNT exposure, which contributed to the expression of TN-C by fibroblasts. Sweeney et al. \[[@CR67]\] observed a release of IL-8, and IL-6, upon exposure to MWCNT (1--50 μg/ml) in a human alveolar type-I like epithelial cell line and primary human alveolar type-II epithelial cells, showing that both type I and II cells can play an active role in pulmonary responses to CNT.

Several studies showed that both SWCNT (100 μg/ml) and MWCNT (10--100 μg/ml), were able to trigger the release of TGF-β from BEAS-2B cells \[[@CR36], [@CR47]\] that is able to stimulate fibroblasts and induce EMT. In addition, MWCNT (20 μg/ml) were found to increase the expression and protein levels of the pro-fibrogenic growth factor PDGF in BEAS-2B, as well as TGF-β \[[@CR13]\].

Another study also analyzed the impact of CNT on ciliated tracheobronchial epithelium, as these cells play a role in the clearance of inhaled particles by ciliary transport \[[@CR68]\]. These authors showed that MWCNT with a length of 3 and 8 μm damaged the ciliated epithelium in the trachea of rats (250 μg/ml in rat, corresponding to 75 μg/rat considering that rats were treated with 0.3 ml) and mouse tracheal epithelial cells in vitro (10 μg/ml) and suggested that these lesions can prevent the clearance of inhaled CNT in the lung and thus lead to a chronic inflammatory process. Moreover, long MWCNT and SWCNT (100 μg/ml; length of 5--9 μm and 0.5--100 μm, respectively) have been shown to cause an impairment of airway epithelium barrier, as demonstrated by a decrease of the trans-epithelial electrical resistance (TEER) on human epithelial Calu-3 cells, contrary to short CNT (length 0.5--2 μm) and CB \[[@CR69]\]. As reported by Snyder et al. \[[@CR70]\], this reduction in barrier functions can be related to the interference of MWCNT with the cytoskeleton on lung epithelium. Further studies should investigate the effects of CNT on epithelial barrier and ciliated epithelium as this could have a role in CNT biopersistence and lung damage.

In summary, CNT stimulate the secretion of relevant pro-fibrotic and pro-inflammatory mediators, including TGF-β, PDGF, IL-1β and IL-8, by epithelial cells that can indirectly promote the activation of fibroblasts and induce EMT, two relevant sources of pulmonary fibroblasts. Moreover, the loss of epithelial barrier and ciliated epithelium can contribute to CNT biopersistence, resulting in chronic damage and permanence of CNT in the lung. It necessary to note that the majority of these studies, regarding the effect of CNT on epithelial cells, have been performed on bronchial cell type, while few authors have focused on alveolar epithelial cells, which, however, represent one of the first target in CNT exposure.

#### Mechanisms {#FPar5}

Few studies investigated the mechanism involved in the release of pro-inflammatory and pro-fibrotic mediators by epithelial cells. Hussain et al. have demonstrated that MWCNT (1.5--24 μg/ml) activated the NLRP3 inflammasome in HBE cells and induced the release of IL-1β and IL-18. Conditioned medium from MWCNT-treated HBE added on human lung fibroblasts increased the expression of OPN, TIMP-1, pro-collagen 1 and TN-C, which were decreased in the presence of IL-1β and IL-18 antibodies and siRNA against NLRP3 inflammasome. These results point out the importance of inflammasome activation and derived mediators in epithelial cells to induce fibroblast activation.

The release of IL-6 and IL-8 has also been investigated and has been found to be associated to JNK, p38 and ERK 1/2 MAPK signaling pathways in transformed human alveolar type-I-like epithelial cells (TT1) and primary human alveolar type-II epithelial cells (ATII) cells upon MWCNT (50 μg/ml) exposure \[[@CR67]\]. This result was further confirmed by Hirano et al. \[[@CR71]\], who observed NF-κB activation, enhanced MAP kinase phosphorylation and increased IL-6 and IL-8 release in BEAS-2B cells after MWCNT (2--10 μg/ml) exposure.

Signs of oxidative stress have also been observed in epithelial cells and several studies reported free radical formation and antioxidant depletion in this cell system after CNT exposure \[[@CR60], [@CR61], [@CR72]--[@CR74]\]. Interestingly, Nymark et al. \[[@CR75]\], observed the formation of a unique and yet unidentified radical in both absence and presence of BEAS-2B by two types of long MWCNT (average of lengths 4 and 6 μm). However, contrary to macrophages, there is no evidence of a correlation between oxidative stress and the release of pro-inflammatory mediators. Additional analysis showed that early intracellular uptake of MWCNT (length 1--5 μm; 24 μg/cm^2^ corresponding to 38 μg/ml, considering a well surface area of 0.32 cm^2^) in BEAS-2B correlated with the generation of ROS measured by DCF-DA \[[@CR37]\]. Authors suggested that this can lead to different variations in the cellular homeostasis, including cell proliferation, differentiation and motility. SWCNT and MWCNT induced epithelial cell proliferation \[[@CR29], [@CR34]\]. However it is still not possible to determine whether this effect is related to CNT-induced ROS and more studies have to be carried out to understand the mechanisms. Moreover, Hussain et al. \[[@CR16]\] showed that CNT-induced ROS were also associated to cytotoxic effects as these authors observed a reduction of human bronchial epithelial death after antioxidant treatment.

Regarding the indirect effect of CNT on fibroblasts via epithelial cells, inflammasome, NF-κB and oxidative stress appear as mechanisms altering signal transduction pathways, as previously indicated for macrophages, by inducing the release of different mediators able to activate fibroblasts.

#### Relevance of in vitro CNT activities for in vivo effects {#FPar6}

As for macrophages, few studies investigated the correlation between in vitro and in vivo results regarding the development of fibrosis via epithelial cells. Two studies observed a good correlation between the release of the pro-fibrogenic TGF-β from BEAS-2B exposed to CNT in vitro and the induction of a fibrotic response in vivo \[[@CR36], [@CR47]\]. Moreover, CNT-induced EMT in vitro correlated with in vivo studies, suggesting that some fibroblasts involved in the lung fibrosis originate from epithelial cells. Further investigation is, however, required to understand the critical role of epithelial cells in fibrosis.

For the AOP we identify the release of TGF-β from epithelial cells as a key mediator of the indirect effect of CNT on fibroblasts via epithelial cells. However, other relevant mediators, PDGF, IL-1β and IL-8, and pathways, such as inflammasome, NF-kB and oxidative stress, have been shown in vitro to play a role in the complex fibrotic process. Collectively, these data are summarized in Fig. [3](#Fig3){ref-type="fig"}.Fig. 3Indirect effects of CNT on fibroblasts via epithelial cells

Determinants of the fibrotic activities of CNT {#Sec17}
==============================================

Physico-chemical properties of CNT appear to determine their capacity to induce fibroblast, macrophages and epithelial cell activation. The length has been identified as an important factor. Manke et al. \[[@CR31]\] showed that long SWCNT (13 μm) were more potent than short SWCNT (1 μm) to elicit a ROS response, collagen production and TGF-β release by fibroblasts in vitro as well as to induce fibrosis in vivo. Several studies confirmed that the length of CNT constitutes an important determinant in the capacity of these materials to induce the activation of fibroblasts and lung fibrosis \[[@CR24], [@CR34]\]. Regarding macrophages, Wang et al. \[[@CR15]\] showed that only long MWCNT (0.6 mg/rat, corresponding to 3 mg/kg b.w.; length 20--50 μm and diameter 50 nm) stimulated the release of TGF-β in vivo, as measured by immunohistochemistry, contrary to short CNT (length 0.5-2 μm and diameter 50 nm). Long MWCNT (10 μg/ml; length 20 μm), but not short fibers (length 0.6 μm), were also shown to affect alveolar macrophage function, including cell death, ROS generation and pro-inflammatory (IL-6 and IL-8) mediator release \[[@CR58]\]. A stronger ROS generation was also observed in A549 epithelial cells exposed to long CNT (length 5--30 μm; doses 5--20 μg/ml) compared to short fiber (length 0.5--2 μm) \[[@CR76]\]. Poland et al. \[[@CR3]\] reported frustrated phagocytosis in the peritoneal lavage of mice exposed to long MWCNT (50 μg/mouse, corresponding to 2.5 mg/kg b.w.), whereas short and tangled MWCNT were completely phagocytosed by macrophages. An accelerated rate of clearance of short CNT by macrophages has been reported, suggesting that these particles could be taken up by inflammatory cells leading to their translocation from the lung and, possibly, biodegradation, while long CNT seem to be biopersistent \[[@CR77], [@CR78]\]. Long MWCNT and SWCNT (length of 5--9 μm and 0.5--100 μm, respectively) have been shown to cause an impairment of airway epithelium barrier contrary to short particles. However, short MWCNT (length 0.6 μm) were shown to induce greater IL-6, IL-8 and MCP-1 levels than long MWCNT (length 20 μm) in TT1 and ATII cells \[[@CR67]\].

CNT diameter also appeared critical since CNT with a thin diameter have been shown to stimulate fibroblast proliferation and to induce fibrosis compared to CNT with a thicker diameter \[[@CR34]\].

The presence of residual metals from the synthesis of CNT has been shown to be associated to oxidative stress. Aldieri et al. \[[@CR79]\] observed that only Fe-rich MWCNT were significantly cytotoxic and genotoxic in murine alveolar macrophages and induced a severe oxidative stress, contrary to the Fe-free MWCNT, suggesting that metals can be important factors in promoting CNT-induced toxicity. These data were further confirmed in another study, in which two types of SWCNT with different iron content, 26 wt. % and 0.23 wt. % (0.12--0.5 mg/ml), generated different amount of hydroxyl radicals in RAW 264.7 macrophages, confirming that iron can act as a catalyst of oxidative stress \[[@CR80]\].

Finally, CNT dispersion was also found as another critical factor. Several evidences show that well dispersed CNT stimulate proliferation and collagen production by lung fibroblasts \[[@CR29], [@CR30]\], induce the release of IL-1β from macrophages \[[@CR13], [@CR35], [@CR36], [@CR43]--[@CR47]\] and TGF-β from epithelial cells \[[@CR36], [@CR47]\], compared to not dispersed CNT. The extent and localization of CNT and inflammatory cells in the lung was also related to the particle dispersion and agglomeration state before administration. Agglomerated CNT form granulomatous inflammation and fibrosis in larger airways, while, in general, well-dispersed CNT are able to penetrate alveoli and interstitial space leading to alveolar fibrosis, as discussed in the section on fibroblasts \[[@CR15], [@CR28], [@CR29], [@CR81]\].

Conclusion {#Sec18}
==========

The observations summarized in this review highlight indirect and direct effects of CNT on fibroblasts, which both contribute to their fibrogenic activity on the lung. In vitro studies indicate that a dose range of CNT between 1 and 100 μg/ml induced effects on the different cell types, as shown in Table [4](#Tab4){ref-type="table"}, which summarizes in vitro data reported in this review. The dose range used in in vivo experiments (10--100 μg/mouse, corresponding to 0.5--5 mg/kg) is relevant for human exposure scenari, following the approach suggested by Porter et al. \[[@CR82]\], and shown to exert a fibrotic activity in the lung of experimental animals. We propose in Fig. [4](#Fig4){ref-type="fig"} a linear flow diagram based on an AOP structure describing the processes by which CNT have been shown to lead to fibroblast activation and pulmonary fibrosis. Physico-chemical properties of CNT, such as length and diameter are relevant for their fibrogenic activity. Therefore, an accurate analysis of these characteristics can already suggest whether a material may have or not a pro-fibrotic activity. The exact macro-molecular interactions (MMI) between CNT and cells have currently not been identified and we can only hypothesize that this probably occurs at the surface of membranes in fibroblasts, macrophages and epithelial cells. CNT have been observed to induce several cellular responses, which can be stratified according to 5 levels: i) initial signaling, ii) pro-inflammatory mediators, iii) pro-fibrotic mediators, iv) distal signaling in response to mediators and finally v) activation of key cells in fibrosis (fibroblasts and epithelial cells for EMT). ROS, MAPK, NF-kB, NADPH oxidase and inflammasome have been identified as the most important initial signals, with some differences depending on the cell type. Only macrophages and epithelial cells have been observed to release pro-inflammatory mediators with pro-fibrotic activities (IL-1β, IL-18, IL-8 and TNF-α) upon exposure to CNT. IL-1β seems to play a major role by promoting the secretion of pro-fibrotic mediators. PDGF and TGF-β can also be released directly from fibroblasts, macrophages or epithelial cells after CNT exposure and have been shown to activate the second signaling (ERK1/2 and Smad). Additionally, CNT prolonge ERK 1/2 activation in fibroblasts exposed to PDGF. ERK 1/2 and Smad phosphorylation was also prolonged by CNT in presence of TGF-β. ERK 1/2 and Smad signalings stimulated fibroblast proliferation, while Smad can also increase fibroblast differentiation, promote EMT and increase collagen production. This sequence of key events eventually causes collagen accumulation and ECM alteration and leads to the development of lung fibrosis.Table 4In vitro CNT activities on fibroblast, macrophage or epithelial cellCellCNTConcentrationsEffectsMechanismsReferencesTypeNameTypeSourceLength (μm)Diameter (nm)OtherFibroblastCRL1490AP MWCNT DBSA + DPPCPAP MWCNT ND//PD MWCNT DCT10--3020--30BSA + DPPC5 μg/mlPnd\[[@CR30]\]PD MWCNT ND//COOH MWCNT DBSA + DPPC/COOH MWCNT ND//FibroblastMLg, HFL-1,MWCNT NM400N0.7--35--357.5--30 μg/cm^2^PBALB-3 T3,MWCNT NM402A0.7--46--20(12--48 μg/ml)Pnd\[[@CR23]\]PMFMWCNT NM400cN0.1--0.518--35/MWCNTg 2400PIH0.720--50/FibroblastMLgMWCNT NM400N0.7--35--357.5--15 μg/cm^2^PKR, End, Erk 1/2MWCNT longCT10--3011--59(12--24 μg/ml)PErk 1/2\[[@CR34]\]MWCNT shortCT0.5--210--47/MWCNT thickCT10--3015--74/FibroblastNIH-3 T3MWCNTNP20--505015--60 μg/mlP, C, DSmad\[[@CR24]\]FibroblastCRL1490SWCNTCNI0.02--0.24 μg/cm^2^P, C, MMP-9nd\[[@CR22]\](0.03--0.4 μg/ml)FibroblastCRL1490SD SWCNTCNI0.1--10.8--1.2SD0.02 μg/cm^2^Cnd\[[@CR29]\]AD SWCNTAD(0.03 μg/ml)CFibroblastCRL1490SWCNTCNI0.1--10.8--1.25--25 μg/mlP, C, TGF-β, VEGFROS, p38\[[@CR14]\]FibroblastNHLFShort SWCNTCT1110.02--0.2 μg/cm^2^C, TGF-βROS\[[@CR31]\]Long SWCNT1311(0.03--0.4 μg/ml)C, TGF-βFibroblastWI38-VA13MWCNTSA2.5--206--131--20 μg/mlcyt, TGF-β, PDGFROS\[[@CR13]\]FibroblastL929MWCNTSA5.510--300 μg/mlcytROS\[[@CR32]\]MacrophageTHP-1SWCNTNI1--50.8--1.250 μg/mlIL-1βIFM, ROS, End\[[@CR54]\]MWCNTCT10--3020--30IL-1βMacrophageTHP-1SWCNT BSA-AP-HipcoNI1000--50000.7--1.1BSA coated50--100 μg/mlIL-1βIFM\[[@CR47]\]SWCNT BSA-PD-Hipco500--15000.7--1.1BSA coatedIL-1βIFMSWCNT PF108-Hipco500--15000.7-1.1PF108 coated/SWCNT BSA-AP-Arc100--10001.2--2BSA coatedIL-1βndSWCNT BSA-PD-Arc100--10001.2--2BSA coatedIL-1βndSWCNT PF108-Arc100--10001.2--2PF108 coated/SWCNT BSA-PD-SG65450--20000.7--1BSA coatedIL-1βndSWCNT PF108-SG65450-20000.7--1PF108 coated/MacrophageTHP-1MWCNTBNR672--10 μg/mlIL-1βIFM, ROCK, End\[[@CR46]\]MacrophageTHP-1AP MWCNT DCTBSA + DPPC10--100 μg/mlIL-1βndAP MWCNT NDCT/PD MWCNT DFrom AP10--3020--30BSA + DPPC\[[@CR36]\]PD MWCNT NDFrom AP/COOH MWCNT DFrom APBSA + DPPCCOOH MWCNT NDFrom AP/MacrophagePM, PBMCshort MWCNTBMS1--105--20/long tangled MWCNTCT10--508--1510--100 μg/ml/\[[@CR43]\]long needle-like MWCNTMC13\>50IL-1β, IL-αIFM, ROS, Src, Syc,(Mitsui MWCNT-7)P2X7 RMacrophagePAMraw MWCNT/IL-1β, IL-18IFMTHP-1pure MWCNTPDIL-1β, IL-18IFMraw MWCNT COOHNAMCOOH F25--100 μg/ml/\[[@CR42]\]pure MWCNT COOHCOOH F - PD/MacrophagePHMDWCNTPIH0.1--1001.2--3.225 μg/mlIL-1β, IL-18IFM, End, K efflux\[[@CR44]\]MacrophageRAW 264.7MWCNTSA2.5--206--132--20 μg/mlIL-1β, TNF-α, IL-6, IL-10, MCP-1NF-kB\[[@CR13]\]MacrophageTHP-1, PBMCMWCNTHMS0.5--4010--30Uncoated10--100 μg/mlIL-1β, TNF-α,nd\[[@CR50]\]ALD-coatedIL-6, OPNIL-1βMacrophagePAMShort MWCNTNth1.13010 μg/ml/\[[@CR58]\]Long MWCNT2028IL-6, IL-8ROSMacrophageTHP-1MWCNT APCT0.57FIL-1β, TGF-β, PDGFMWCNT NH2From AP0.45FIL-1β, TGF-β, PDGFMWCNT sw-NH2From AP0.58FIL-1β, TGF-β, PDGFMWCNT PEIFrom AP0.33F60 μg/mlIL-1β, TGF-β, PDGFfor IL-1β: IFM, End\[[@CR45]\]MWCNT PEGFrom AP0.27FIL-1β, TGF-βMWCNT cc-PEIFrom AP0.38F/MWCNT COOHFrom AP/MacrophageRAW 264.7SWCNTCNI1--4100 μg/mlTGF-βnd\[[@CR38]\]MacrophageRAW 264.7Short MWCNTNP0.5--25015 μg/ml/\[[@CR15]\]Long MWCNT20--5050TGF-β, TNF-αndMacrophageNR8383MWCNTHMS0.3--5010--3010 μg/cm^2^PDGFnd\[[@CR51]\](16 μg/ml)Epithelial cellA549Short MWCNTSN0.35--0.710--201--16 μg/cm^2^/\[[@CR65]\]Long MWCNT5--1510--20(1.6--25.6 μg/ml)EMTTGF-β/SmadEpithelial cellRLE-6TNMWCNTNP20--505030 μg/mlEMTTGF-β/Smad\[[@CR24]\]Epithelial cellHBEMWCNTHMS0.5--4010--301.5--24 μg/mlIL-1β, IL-18IFM, ROS\[[@CR16]\]IL-8Epithelial cellBEAS-2BMWCNTBNR671--10 μg/mlIL-6, IL-8, MIFNF-kB, p38,\[[@CR71]\]ERK 1/2, HSP27Epithelial cellTT1, ATIIMWCNT 0.6 μmNth1.130IL-6, IL-8, MCP-1MWCNT 3 μm4.3331--50 μg/mlIL-8, MCP-1JNK, p38, ERK 1/2\[[@CR67]\]MWCNT 20 μm2028MCP-1Epithelial cellBEAS-2BSWCNT BSA-AP-HipcoNI1000--50000.7--1.1BSA coatedTGF-βSWCNT BSA-PD-Hipco500--15000.7--1.1BSA coatedTGF-βSWCNT PF108-Hipco500--15000.7--1.1PF108 coated/SWCNT BSA-AP-Arc100--10001.2--2BSA coated100 μg/mlTGF-βnd\[[@CR47]\]SWCNT BSA-PD-Arc100--10001.2--2BSA coatedTGF-βSWCNT PF108-Arc100--10001.2--2PF108 coatedTGF-βSWCNT BSA-PD-SG65450--20000.7--1BSA coatedTGF-βSWCNT PF108-SG65450--20000.7--1PF108 coated/Epithelial cellBEAS-2BAP MWCNT DCT10--3020--30BSA + DPPC10--100 μg/mlTGF-β\[[@CR36]\]AP MWCNT NDCT//PD MWCNT DFrom APBSA + DPPCTGF-βPD MWCNT NDFrom AP//ndCOOH MWCNT DFrom APBSA + DPPCFew TGF-βCOOH MWCNT NDFrom AP/Few TGF-βEpithelial cellBEAS-2BMWCNTSA2.5--206--132--200 μg/mlTGF-β, PDGFROS\[[@CR13]\]nd: not determined. *Cell name:* A549: human lung adenocarcinoma alveolar epithelial cell line; ATII: primary human alveolar type-II epithelial cells; BALB-3 T3: mouse embryonic fibroblast cell line; BEAS-2B: human bronchial epithelial cell line; CRL1490: human lung fibroblast cell line; HBE: primary human bronchial epithelial cells; HFL-1: human lung fibroblast cell line; L929: mouse fibroblast cell line; MLg: mouse lung fibroblast cell line; NHLF: normal human lung fibroblast cell line; NIH-3 T3: mouse embryonic fibroblast cell line; NR8383: rat alveolar macrophage cell line; PAM: primary alveolar macrophages; PBMC: peripherial blood mononuclear cells; PHM: primary human monocytes; PMF: primary mouse fibroblasts; RAW 264.7: mouse leukemic monocyte macrophage cell line; RLE-6TN: rat alveolar type II epithelial cell line; THP-1: human leukemia monocytic cell line; TT1: transformed human alveolar type-I-like epithelial cells; WI38-VA13: human normal lung fibroblast cell line immortalized with SV40. *CNT type:* AP: as prepared; COOH: carboxyl; NH2: amino; PD: purified. Source: A: Arkema (France); BMS: Bayer Material Science (Leverkusen, Germany); BNR: Bussan Nanotech Research (Ibaraki, Japan); CNI: Carbon Nanotechnologies Inc. (Houston, TX); CT: Cheap Tubes (Brattlebore, VT); HMS : Helix Materials Solution (Richardson, TX); MC: Mitsui & Company (Tokio, Japan); N: Nanocyl (Sambreville, Belgium); NAM: Nanostructured & Amorphous Materials Inc. (Houston, TX); NI: NanoIntegris (Skokie, IL); NP: Nanotech Port (Chengdu, China); Nth: Nanothinx (Rio Patras, Greece); PIH: produced in house; SA: Sigma-Aldrich (Lyon, France); SN: Shenzhen Nanoharbor (Shenzhen, China). *Other:* AD: acetone/sonication dispersed; BSA: bovine serum albumin; cc-PEI: carboxyl converted PEI; D: dispersed; DPPC: dipalmitoylphosphatidylcholine; F: functionalized; ND: no dispersed; PEG: polyethylene glycol; PEI: polyethyleneimine; PF108: Pluronic F108; SD: survanta dispersed; swNH2: sidewall amine. *Effects:* C: collagen; cyt: cytotoxic; D: differentiation of fibroblasts into myofibroblasts; EMT: epithelial mesenchymal transition; IL: interleukin; MCP: monocyte chemoattractant protein; MIF: migration inhibitory factor; MMP-9: matrix metallopeptidase 9; OPN: osteopontin; P: proliferation; PDGF: platelet derived growth factor; TGF: transforming growth factor; TNF: tumor necrosis factor; VEGF: vascular endothelial growth factor. *Mechanisms:* End: endocytosis; ERK 1/2: extracellular signal-regulated kinase; HSP27: heat shock protein 27; IFM: inflammasome; JNK: c-Jun N-terminal kinase; K: potassium; KR: kinase receptor; NF-kB: nuclear factor-kappa B; ROCK: Rho-kinases; ROS: reactive oxygen species Fig. 4AOP for CNT and lung fibrosis. Legend: Cp: collagen production; D: differentiation; P: proliferation; T: transition in fibroblasts

These data will be useful to guide researchers to focus on relevant mechanisms of action induced by CNT, or to investigate underlined knowledge gaps. The proposed AOP can help proposing or developing simple and fast test methods for predicting the potential hazard of CNT. Most importantly, it will help identifying how a mechanistic information obtained from one specific assay contributes to obtaining a global picture of the fibrogenic activity of a test sample.
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